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SUMMARY

Although the genomic pattern of nucleosome posi-
tioning is broadly conserved, quantitative aspects
vary over evolutionary timescales. We identify the
cis and trans determinants of nucleosome posi-
tioning using a functional evolutionary approach
involving S. cerevisiae strains containing large geno-
mic regions from other yeast species. In a foreign
species, nucleosome depletion at promoters ismain-
tained over poly(dA:dT) tracts, whereas internucleo-
some spacing and all other aspects of nucleosome
positioning tested are not. Interestingly, the locations
of the +1 nucleosome and RNA start sites shift in
concert. Strikingly, in a foreign species, nucleo-
some-depleted regions occur fortuitously in coding
regions, and they often act as promoters that are
associated with a positioned nucleosome array
linked to the length of the transcription unit. We
suggest a three-step model in which nucleosome
remodelers, general transcription factors, and the
transcriptional elongation machinery are primarily
involved in generating the nucleosome positioning
pattern in vivo.

INTRODUCTION

In living cells, nucleosome positions are influenced by intrinsic

DNA sequence preferences due to the thermodynamic costs

associated with wrapping stiff DNA around the histone octamer

(Drew and Travers, 1985; Jiang and Pugh, 2009; Radman-Livaja

and Rando, 2010). In addition, a wide variety of proteins can

affect nucleosome positions and occupancy, most notably

ATP-dependent chromatin-remodeling complexes. The relative

importance of DNA sequence and protein factors in determin-

ing nucleosome positioning has been subject to considerable

debate. In vitro reconstitution of genomic DNA into nucleosomes

by salt dialysis recapitulates gross variation in nucleosome

occupancy in yeast and in humans—AT-rich sequences such
as those found at yeast promoters are intrinsically nucleosome

depleted (Kaplan et al., 2009; Sekinger et al., 2005; Zhang

et al., 2009), whereas theGC-rich sequences prevalent at human

promoters are intrinsically nucleosome enriched (Valouev et al.,

2011). These studies typically find little role for intrinsic prefer-

ences in precise nucleosome positioning, although the enrich-

ment of particular sequence features (10 bp periodicity of AA/

AT/TA dinucleotides) at the +1 position in budding yeast has

nonetheless led to forceful (Kaplan et al., 2009, 2010; Segal

et al., 2006) but disputed (Fan et al., 2010; Stein et al., 2009;

Weiner et al., 2010; Zhang et al., 2009, 2010) claims that intrinsic

DNA sequence preferences play a major determining role in

nucleosome positioning.

Conversely, several experimental approaches, largely in bud-

ding yeast, have revealed a key role for proteins in establishing

nucleosome positions in vivo. While in vitro reconstitution of

DNA into nucleosomes does not properly establish nucleosome

positions at PHO5, addition of yeast whole-cell extract enables

more accurate assembly of nucleosomes at this locus (Korber

and Horz, 2004). Genome-wide analysis subsequently showed

that one or more ATP-dependent activities in yeast whole-

cell extract can assemble nucleosomes in positions that re-

semble, but do not completely coincide with, in vivo positioning

(Zhang et al., 2011), thereby demonstrating a major role for

nucleosome-remodeling complexes in nucleosome positioning.

Decades of biochemical studies have identified many specific

proteins and protein complexes capable of altering nucleosome

positions on DNA in vitro (Clapier and Cairns, 2009), and increas-

ingly these factors are being implicated in proper nucleosome

positioning in vivo (Gkikopoulos et al., 2011; Whitehouse et al.,

2007; Whitehouse and Tsukiyama, 2006). For example, the

ATP-dependent remodeling enzymes Chd1, Isw1, and Isw2

globally affect nucleosome positioning in vivo, as their deletion

in yeast leads to nearly complete loss of nucleosome positioning

downstream of the +2 nucleosome of coding regions (Gkikopou-

los et al., 2011).

In a genetic approach to this problem, diploid hybrids between

the closely related species S. cerevisiae and S. paradoxus have

been used to determine to what extent divergent nucleosome

positioning on specific orthologous genes can be attributed to

cis or trans factors, with the majority of chromatin changes

between these species being attributed to poly(dA:dT) elements
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Figure 1. Functional Evolutionary Dissec-

tion of Chromatin-Establishment Mecha-

nisms

(A) Schematic of experimental design. Yeast

artificial chromosomes are constructed carrying

sequence from species such as K. lactis, and

introduced into S. cerevisiae. Comparison of

nucleosome-mapping data between the same

sequence in two different environments (its en-

dogenous genome, and in S. cerevisiae) can be

used to disentangle DNA-driven from trans-

mediated aspects of chromatin organization.

(B) Chromosomal complement of parental

S. cerevisiae (AB1380) and three different YAC-

bearing strains. Pulsed-field gel electrophoresis of

YAC-bearing strains, as indicated.

(C and D) Examples of nucleosome-mapping data

from two genes. Blue line indicates nucleosome-

mapping data from wild-type K. lactis (Tsankov

et al., 2010), red line shows data from the same

sequence carried on a YAC in S. cerevisiae.

(E and F) Data for all K. lactis genes on all three

YACs. (E) shows data for all genes from wild-type

K. lactis, with genes sorted by NDRwidth, while (F)

shows data from these genes on YACs, sorted

identically. Black indicates no sequencing reads,

yellow intensity indicates number of sequencing

reads. C and D indicate the example genes shown

above.
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at promoters (Tirosh et al., 2010). However, S. cerevisiae and

S. paradoxus differ very little in bulk aspects of chromatin archi-

tecture. In contrast, chromatin structure exhibits far greater

differences between more divergent species: for example,

average nucleosome spacing differs by �15–20 bp between

S. cerevisiae and K. lactis (last common ancestor �150 million

years ago) (Heus et al., 1993; Tsankov et al., 2010).

Here, we describe a functional evolutionary approach to

systematically dissect the contributions of DNA sequence and
2 Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc.
the nuclear environment to nucleosome

positioning in vivo. This approach relies

on the finding that there are species-

specific differences in parameters of

nucleosome positioning in a variety of

yeast species, even though the general

pattern is highly conserved (Tsankov

et al., 2010). Specifically, we compare

nucleosome maps of artificial chromo-

somes (YACs) containing large, heterolo-

gous genomic regions from different

yeast species in S. cerevisiae with maps

of the same regions in their native

organism (Figure 1A). In principle, fea-

tures that change in the context of

S. cerevisiae are determined by protein

factors that are functionally distinct in

the two species, whereas features that

are retained when the foreign yeast

DNA is present in S. cerevisiae are due

either to intrinsic DNA sequence or to
conserved trans-acting regulators. For example, when the

S. cerevisiae HIS3-PET56 region is introduced into S. pombe,

it retains the nucleosome-depleted promoter region, but not

the positions of nucleosomes in the coding region (Sekinger

et al., 2005). In addition, the generation of fortuitous functional

elements arising from heterologous genomic sequences makes

it possible to address mechanistic issues that are presumably

free of evolutionary constraints. Here, we show that nucleosome

spacing is established in trans, and that promoter nucleosome
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depletion can be established either by intrinsic sequence cues or

by trans-acting factors. Further, we find that +1 nucleosome

positioning is most likely established by some aspect of the tran-

scriptional machinery, and positioning of more downstream

nucleosomes in the mRNA coding region is linked to Pol II elon-

gation. Based on results presented here and elsewhere, we

propose a unifying, three-step model for how nucleosome posi-

tions are established in vivo.

RESULTS

Generation of S. cerevisiae Strains Harboring Artificial
Chromosomes with Large Segments of Foreign Yeast
DNA
To generate yeast artificial chromosomes (YACs, Figure 1A),

genomic DNA from K. lactis, K. waltii, and D. hansenii was

sheared to �100–200 kb average size and ligated to the

pYAC4 vector carrying sequences for S. cerevisiae telomeres,

centromere, and origin of replication, as well as two selectable

markers. YACs were transformed into wild-type S. cerevisiae

and confirmed by pulsed-field gel electrophoresis (Figure 1B).

Furthermore, both ends of YACs containing foreign yeast DNA

inserts were validated by DNA sequencing. In total, we gener-

ated seven strains carrying distinct YACs from the three species,

with an average insert length of �140 kb (see Table S1 online).

YAC strains were grown in conditions identical to those previ-

ously used for mapping nucleosomes in these four species

(Tsankov et al., 2010), and formaldehyde crosslinked chromatin

was digested to �80% mononucleosomes using micrococcal

nuclease (Yuan et al., 2005). Mononucleosomal DNA was

analyzed by deep sequencing as previously described (Shivasw-

amy et al., 2008; Tsankov et al., 2010; Weiner et al., 2010).

Figures 1C and 1D show nucleosome-mapping data for two

genes from K. lactis, with data from wild-type K. lactis in blue

(‘‘endogenous’’) and data for these same genes in the context

of a YAC-carrying S. cerevisiae strain in red (‘‘YAC’’). Notable

in these views are a number of well-described aspects of fungal

chromatin structure—in the endogenous context, nucleosomes

are generally well positioned (nucleosome peaks are well sepa-

rated and exhibit high peak to trough ratios), and both genes

have a nucleosome-depleted region (NDR) that contains the

gene’s promoter.

Promoter NDRs Are Largely Maintained in a Foreign
Species in a Manner Strongly Correlated with
Poly(dA:dT) Tracts
The endogenous positions of promoter NDRs were largely

maintained in the YACs (Figures 1E and 1F)—50% and 56%

of D. hansenii and K. lactis NDRs, respectively, were located

within 50 bp of their endogenous position, and for both

species’ sets of YACs only 13% of NDRs did not overlap

the endogenous NDR at all. Furthermore, the extent of the

NDR, which varies considerably among genes, is largely main-

tained in the YAC-containing strains. These data are consistent

with the view that nucleosome depletion at fungal promoters

is largely programmed by genomic sequence. However, the

average extent of depletion over promoters is not as great in

YACs as in wild-type (Figures 1C–1F, and Figures S1A and
S1B), potentially as a consequence of the reduced expres-

sion of YAC genes (see below). This observation suggests

that some of the depletion at promoters is not intrinsically

determined by DNA sequence, consistent with the previous

observation that nucleosome depletion at promoters is more

pronounced in vivo than in vitro (Kaplan et al., 2009; Zhang

et al., 2009, 2011).

To further investigate the role for intrinsic sequence cues

in establishing nucleosome depletion, we sorted genes by the

difference in nucleosome occupancy over the proximal NDR

between endogenous genes and YACs (Figure 2A, Figures

S1C and S1D). Notably, in both K. lactis and D. hansenii we

observed very few genes with lower nucleosome occupancy in

the YAC context, with the majority of promoters showing a range

from little change to substantially increased nucleosome occu-

pancy. Genes that maintained the same level of nucleosome

depletion in the YAC as in wild-type were characterized by

promoter sequences with greater numbers of long poly(dA:dT)

elements (Figures 2B and 2C, see the Experimental Procedures),

consistent with the idea that these sequences intrinsically

program nucleosome depletion in any context. Genes from

D. hansenii tended to exhibit much less dramatic nucleosome

depletion at promoters in the YAC context than in their en-

dogenous context (Figure S1B). This is consistent with our prior

observation (Tsankov et al., 2010, 2011) that D. hansenii

promoters have fewer poly(dA:dT) sequences than most other

organisms in the Hemiascomycota phylogeny (potentially due

to their ecological niche in high-salt environments) and with

the hypothesis that D. hansenii promoters are more often es-

tablished by trans-acting proteins such as General Regulatory

Factors (GRFs). In this regard, promoters that gained substantial

nucleosome occupancy when carried in the YAC sometimes,

but not always, contained known binding motifs for transcrip-

tion factors we previously (Tsankov et al., 2010, 2011) inferred

to be GRFs in D. hansenii, but not in S. cerevisiae (Figure 2D).

Together, these results indicate that intrinsic sequence de-

terminants (or conserved trans-acting factors) play a major

role in generating nucleosome depletion at fungal promoters,

and that poly(dA:dT) tracts are the primary DNA sequence

determinant.

Nucleosome Positions Differ Markedly in the
Endogenous and YAC-Containing Strains
In contrast to the widespread but not universal conservation of

NDRs, a given DNA sequence is generally packaged differently

when carried in the endogenous species or in S. cerevisiae.

Nucleosome positions change markedly in the YAC strains—

the +1 nucleosome can be found near to (Figure 1C), upstream

(see below), or downstream (Figure 1D) of its endogenous loca-

tion, while nucleosomes farther downstream of the +1 occur

farther and farther away from their endogenous locations. By

definition, differences in nucleosome positioning of a given

genomic region in the endogenous organism or in S. cerevisiae

cannot be due to intrinsic DNA sequence, but rather trans-acting

factor(s). Thesemeasured differences are not secondary to tech-

nical artifacts such as differences in MNase digestion, as we

observe remarkably consistent results for S. cerevisiae genes

for the various YAC data sets (Figure S2). Interestingly, the
Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc. 3



Figure 2. Promoter Nucleosome Depletion Is Maintained over Poly(dA:dT) Elements

(A) D. hansenii genes sorted by the extent of change in nucleosome occupancy over the NDR. Left panel shows differences in nucleosome occupancy between

D. hansenii and YACs for 114 genes—blue indicates increased nucleosome occupancy in the YAC relative to endogenous context. Middle and right panels show

nucleosome-mapping data for endogenous D. hansenii sequences and for YACs, as indicated.

(B) Strength of poly(dA:dT) element (Field et al., 2008; Tsankov et al., 2010) for genes, ordered as in (A). Forty gene running window average is shown.

(C) An example of a gene with little change in nucleosome depletion between endogenous and YAC contexts. Sequence from this stable NDR contains multiple

poly(dA:dT) elements, as indicated in red.

(D) An example of a gene exhibiting dramatically increased nucleosome occupancy at the native NDR when carried on YAC. Here, this NDR includes few poly(A)

elements, and carries a binding site for Cbf1, which has nucleosome-evicting activity in D. hansenii but not in S. cerevisiae (Tsankov et al., 2010, 2011).
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average deviation in chromatin structure between genes in their

endogenous context and in the YAC was quite different for the

three species studied—K. lactis genes appeared closest to their

native structure when in YACs, whereas chromatin structure of

K. waltii sequences in YACs appeared random with respect to

genic structure (data not shown).
4 Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc.
Nucleosome Spacing Is Determined by Protein Factors
in the Host Organism, Not DNA Sequence
As observed by MNase cleavage of bulk chromatin, most nucle-

osomes in any given species are found in arrays in which the

linker regions between adjacent nucleosomes are similar in

size. Interestingly, nucleosome spacing is substantially different



Figure 3. Nucleosome Spacing Is Set In trans

(A) Averaged data for all K. lactis genes on YACs 1–3. Genes are aligned by the +1 nucleosome position as defined in Tsankov et al. (2010), and data from either

wild-type K. lactis or from the YAC strains are averaged for 184 genes, as indicated.

(B) K. lactis sequences adopt S. cerevisiae spacing when carried in S. cerevisiae. Nucleosome positions were called, and the distribution of all internucleosomal

distances (center to center) is shown for 184K. lactis genes fromwild-type or in the YACs. Similar distributions forS. cerevisiae nucleosome positioning fromwild-

type and YAC-containing strains indicate that YACs do not perturb host chromatin state (see also Figure S2).
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between S. cerevisiae, with an average internucleosomal

distance of �165 bp, and K. lactis, with an average spacing of

�178 bp (Heus et al., 1993; Tsankov et al., 2010). We therefore

used our YAC data set to assess whether nucleosome spacing

over K. lactis genes is established by DNA sequence, or by the

nuclear environment. As can be appreciated in Figures 1C and

1D, nucleosome spacing appears shorter over K. lactis genes

when carried in S. cerevisiae, relative to the endogenous

spacing. Figure 3A shows the average nucleosome data for all

K. lactis genes present on one of the 3 YACs, aligned by the

endogenous location of the +1 nucleosome. Average nucleo-

some spacing decreases when these genes are carried in

YACs. The distribution underlying this average trend is quantified

in Figure 3B. Here, we called nucleosome positions (Weiner

et al., 2010), then plotted the distribution of all internucleosomal

distances as indicated. K. lactis genomic sequence in its en-

dogenous context is packaged with nucleosomes occurring

every 178 bp, whereas the same sequence in the S. cerevisiae

trans environment exhibits �165 bp nucleosome spacing,

precisely the same spacing observed over native S. cerevisiae

genes. Importantly, we observed no change in the spacing

of S. cerevisiae genes between wild-type yeast and our YAC

strains, indicating no artifactual effects on nucleosome spacing

from, for example, MNase titration level (Figure 3B, Figure S2).

The primary role for proteins in determining internucleosomal

spacing is not surprising, as different cell types in multicellular

organisms (sharing identical genomes) can exhibit different

nucleosome spacing (Van Holde, 1989). Importantly, the obser-

vation that internucleosomal spacing depends on protein factors
means that the precise positions for the vast majority of nucleo-

somes are not determined by intrinsic DNA sequence.

The Position of the +1 Nucleosome Is Not Determined by
DNA Sequence but Rather Is Mechanistically Linked to
Transcriptional Initiation
The claim that the +1 nucleosome is positioned by DNA

sequence (Segal et al., 2006) has been subject to debate, not

least because in vitro reconstitution experiments reveal no sig-

nificant recovery of +1 nucleosome positioning. Alternatively, it

has been proposed that the +1 nucleosome is positioned by

either transcription factors such as Rap1, Abf1, and Reb1 (Korn-

berg and Stryer, 1988; Zhang et al., 2009, 2011); NDRs (Mavrich

et al., 2008; Yuan et al., 2005); or the preinitiation complex

(Zhang et al., 2009).

Interestingly, although the average position of the +1 nucleo-

some is similar between YACs and the endogenous context for

both K. lactis and D. hansenii genes (see Figure 3A, Figure S1),

examination of individual genes shows that +1 positioning is

highly variable for the same sequence in two different nuclear

environments. The distribution of +1 nucleosome shifts for genes

carried on YACs was far more variable than the experimental

variability measured using the background of S. cerevisiae

genes—while only 17% (14%–21% in different YAC strains) of

S. cerevisiae +1 nucleosomes appeared >20 bp apart between

strains, 45% of K. lactis and 57% of D. hansenii +1 nucleosomes

in the YAC strains shifted at least 20 bp from their endogenous

location (Figure S3). +1 nucleosomes could shift in either direc-

tion on YACs (Figure 4, Figure S3), although in K. lactis YACs
Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc. 5



Figure 4. +1 Nucleosome Shifts Associated with Transcriptional Changes
(A and B) Nucleosome data and RNA-Seq data are shown for K. lactis and D. hansenii genes in wild-type and YACs, as indicated. RNA-Seq data for YAC-derived

transcripts are normalized independently from S. cerevisiae transcripts here—see Figures S4B and S4C for data normalized genome-wide.

(C–E) Examples of +1 nucleosome shifts associated with changes in transcription. (C) shows amoderate upstream shift in a +1 nucleosome with a similar change

in transcript length, while (D) and (E) show large-scale NDR gain/loss with associated changes in transcription. Schematic interpretation of the nucleosome

positioning for the endogenous gene is shown in blue above the rectangle, nucleosome positioning in the YAC is shown in red below the rectangle. Arrows

indicate inferred TSSs (note that RNA-sequencing data are not strand specific, but TFIIB-mapping data support our inferred TSSs)—the furthest 50 RNA in (E), for

example, derives from the upstream gene as opposed to a divergent promoter.
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these shifts were biased toward upstream shifts (Figure 3A).

Thus, our observations demonstrate that pronucleosomal se-

quences do not ‘‘program’’ the position of the +1 nucleosome

in vivo.

The strong correspondence between +1 nucleosome posi-

tioning and transcriptional start sites in many species (Jiang

and Pugh, 2009) led us to consider the hypothesis that changes

in transcriptional activity might underlie the repositioning of

the +1 nucleosomes (Zhang et al., 2009). We therefore carried

out deep sequencing of RNA isolated from D. hansenii,

K. lactis, and the S. cerevisiae YAC strains in this study, and

carried out ChIP-Seq for TFIIB localization in the YAC-containing

strains (a full analysis of these data will be published separately).

Alignment of RNA-Seq data from wild-type strains with nucleo-

some-mapping data confirmed prior predictions that the posi-

tioning of +1 nucleosomes with respect to a gene’s transcription

start site (TSS) varies between these species (Tirosh et al., 2007;

Tsankov et al., 2010)—transcription begins further inside the +1

nucleosome in K. lactis than in D. hansenii (Figure S4A).

Comparing endogenous to YAC-based gene expression, we

found on average that genes on YACs were expressed at lower
6 Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc.
levels than host genes—average sequencing reads per kilobase

of coding sequence for YACs were �40% of the average value

for endogenous RNAs—consistent with extensive promoter

sequence divergence between species resulting in widespread

misinterpretation of exogenous regulatory information by the

S. cerevisiae transcriptional machinery (Figures S4B, S4C, and

S4E). In general, we found a good correlation between expres-

sion levels for genes in their endogenous genome versus expres-

sion from the YACs (Figure S4D)—genes expressed at high

levels in K. lactis remained the most highly expressed genes

when carried on YACs, but were expressed at lower levels rela-

tive to S. cerevisiae genes. In D. hansenii, we also observed

increased expression of intergenic regions in the YACs (Fig-

ure S4C and see below), again indicating evolutionary diver-

gence in transcriptional control sequences (e.g., loss of tran-

scriptional termination signals and/or gain of cryptic promoters).

Consistent with a relationship between +1 nucleosome posi-

tioning and TSSs, we found that the 50 ends of RNAs in YACs

shifted on average toward a S. cerevisiae-like location relative

to the +1 nucleosome (Figures 4A and 4B)—K. lactis RNAs

started farther upstream in the YAC, whereas D. hansenii RNAs
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started farther downstream. Furthermore, +1 nucleosome shifts

largely were accompanied by coherent shifts in inferred TSSs.

These include �90 examples such as that seen in Figure 4C, in

which both RNA-Seq data and the +1 nucleosome for a given

gene shift in the same direction. This is visualized in Fig-

ure S5A—RNA-Seq data for K. lactis genes exhibiting no +1

nucleosome shift, and for those exhibiting upstream +1 nucleo-

some shifts, are averaged for both endogenous RNA expression

and YAC-based expression. Despite no average difference in 50

ends of transcripts between these two classes in the endoge-

nous case, we find that genes exhibiting upstream shifts in

the +1 nucleosome also showed more strongly 50-shifted tran-

scripts relative to genes without a +1 nucleosome shift, consis-

tentwith the idea that there is amechanistic coupling between +1

nucleosome positioning and transcriptional initiation. Further-

more, we also used 50 RACE to more precisely map TSSs for

four K. lactis genes in their endogenous context and in the

YAC, confirming that +1 nucleosome shifts corresponded to

shifts in the location of the TSS (Figures S5B–S5E). These obser-

vations provide functional evidence for a mechanistic linkage

between nucleosome positioning and transcriptional initiation,

although they do not establish the cause-and-effect relationship

between these two processes.

Generation of NDRs in Foreign Coding Regions via
Fortuitous Interactions of S. cerevisiae Activator
Proteins
More dramatic cases of nonconserved nucleosome positioning

are observed, particularly in D. hansenii-derived YACs, in which

many NDRs arise in coding regions (Figures 4D and 4E, Figures

5A and 5B, Figures S6A and S6B). The sequences underlying

these NDRs are not associated with poly(dA:dT) elements

(data not shown), as expected given that they do not intrin-

sically form NDRs in their host genomic context (Figure 5B,

blue line). Interestingly, these NDRs are associated with

TFIIB binding (Figures 5C and 5D) and concomitant changes

in RNA abundance (Figures 4D and 4E, Figure 5A, Figure S6A),

indicating a wholesale functional change in which a coding

sequence from one species (D. hansenii) is used as a promoter

in a foreign species (S. cerevisiae). These NDRs are most likely

determined by S. cerevisiae transcription factors that fortu-

itously recognize and functionally act on foreign DNA se-

quences that do not act as promoters in the native organism.

In other words, DNA-binding transcriptional activator proteins

recruit nucleosome-remodeling complexes to these fortuitously

recognized sites, thereby evicting histones and generating an

NDR. These NDRs are associated with varying levels of TFIIB

and RNA transcripts, presumably depending on the quality of

TATA elements and other core promoter sequences in the

vicinity.

Fortuitous Coding Region NDRs Are Associated with
Typical Nucleosome Patterns
The existence of fortuitous and presumably evolutionarily

meaningless promoters in D. hansenii coding regions in the

context of S. cerevisiae cells makes it possible to determine

the role of transcription in establishing the nucleosome posi-

tioning pattern. Strikingly, these coding region NDRs are asso-
ciated with a typical nucleosome pattern of highly positioned +1

and �1 nucleosomes as well as progressively less positioned

downstream nucleosomes (Figure 5B). Thus, in the absence

of any intrinsic nucleosome-destabilizing sequences, transcrip-

tion factors and associated cofactors are sufficient to generate

a nucleosome positioning pattern that is very similar to the

standard pattern at endogenous promoters. Furthermore, at

such fortuitous NDRs, the extent of the positioned array is

linked to the length of the RNA transcript (Figure 5A, Fig-

ure S6C), strongly suggesting a role for transcriptional elonga-

tion in the generation of the nucleosomal pattern. These results

demonstrating a functional role for transcription-related events

appear to conflict with the conclusion that nucleosome-remod-

eling complexes are sufficient to establish aspects of the nucle-

osome positioning pattern in the absence of transcription

(Zhang et al., 2011). However, these observations are not mutu-

ally exclusive, and indeed are complementary, as both mecha-

nisms are likely to contribute to establishing the nucleosome

pattern.

DISCUSSION

A Functional Evolutionary Approach to Address the
Determinants of Molecular Phenomena In Vivo
Here, we used a functional evolutionary approach to systemati-

cally dissect the role for cis-acting sequence elements and trans-

acting proteins in establishment of nucleosome positioning in

fungi. This approach, which is based on species-specific differ-

ences in parameters of nucleosome positioning in a variety of

yeast species (Tsankov et al., 2010), involves placing large

segments of foreign yeast DNA in S. cerevisiae and comparing

molecular properties in such strains with those in the native

organism. In principle, nonconserved properties are determined

by protein factors that are functionally distinct in the two species,

whereas conserved properties are due either to DNA sequence

or to conserved trans-acting regulators. The use of yeast artificial

chromosomes to carry the foreign yeast DNA makes it possible

to examinemany genes at once, and hence to obtain information

that is both statistically robust and permits one to identify many

examples of new phenomena. Furthermore, the ability to gener-

ate fortuitous functional events (e.g., the NDRs in D. hansenii

coding regions) that do not occur in the native organisms makes

it possible to address mechanistic questions in a manner that is,

most likely, independent of evolutionary history. An extension of

this approach should also permit one to identify factors respon-

sible for the species-specific behavior, specifically by replacing

a candidate factor by its homolog in the foreign species and

examining whether the pattern resembles that of the foreign

species.

More generally, this functional evolutionary approach should

allow for elucidating the determinants of other molecular phe-

nomena that are broadly conserved but show species-specific

differences. For example, more detailed analysis of the RNA

generated in the YAC-containing strains with the corresponding

endogenous yeast species should be informative of determi-

nants of 50 and 30 end formation, splicing, and half-lives. As

such, this approach combines the virtues of evolutionary com-

parison and classic functional genetic analysis.
Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc. 7



Figure 5. Characterization of Fortuitous NDRs in YACs

(A) Example of a fortuitous NDR that occurs only in the YAC but not in the native genome, and is associated with transcription. This fortuitous NDR occurs in the

middle of a D. hansenii coding region and is associated with two shorter, divergent transcripts in the YAC context (data cover 2.2 kb of sequence). Note that

nucleosome organization correlates with transcript length—rightmost transcript shows greater nucleosome positioning at the 50 end than at the 30 end of the

transcript.

(B) Fortuitous NDRs are generally associated with well-positioned ±1 nucleosomes. Averaged data for 120 NDRs observed in D. hansenii YACs but not in the

endogenous context, as indicated.

(C and D) Fortuitous NDRs represent functional promoters. (C) shows TFIIB ChIP-Seq data from YAC-bearing strain for the genomic locus shown in (A), while (D)

shows averaged data for all fortuitous NDRs. Note that TFIIB localization in the endogenous context could not be obtained, as our anti-TFIIB antibody does not

recognize TFIIB from D. hansenii.
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A Three-Step Model for Establishing the Nucleosome
Positioning Pattern In Vivo
Based on results presented here and elsewhere, we propose

a three-step model (Figure 6) for how nucleosome positioning

is established in eukaryotic organisms. The first step involves

the generation of an NDR, which can occur either by tran-

scription factors and their recruited nucleosome-remodeling

complexes and/or by poly(dA:dT) sequences that intrinsically

disfavor nucleosome formation. Even at poly(dA:dT)-containing

promoters, it is likely that transcriptional machinery contributes

to nucleosome depletion, as nucleosome depletion is more

pronounced in vivo than in vitro (Kaplan et al., 2009; Zhang

et al., 2009), and nucleosome-remodeling complexes enhance

the depletion in vitro (Zhang et al., 2011). In this sense, intrinsic
8 Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc.
programming of NDRs represents a specialized mechanism

that is used frequently (S. cerevisiae), moderately (D. hansenii),

or rarely (D. melanogaster), depending on the species.

In the second step, nucleosome-remodeling complexes

recognize the NDRs and generate highly positioned nucleo-

somes flanking the NDR. Strong positioning could, in principle,

arise simply from the boundary of the NDR and/or from

sequence preferences of the nucleosome remodelers. Indeed,

it has been argued that this step does not require transcription

factors or transcription per se (Zhang et al., 2011), although it

is important to note that there is overall poor correspondence

between +1 nucleosome positioning observed in vivo and that

recapitulated using ATP-dependent extracts in the absence of

transcription (Zhang et al., 2011) (Figure S7). In this regard,



Figure 6. Three-Step Model for Establishment of Nucleosome

Positioning In Vivo

A unifying three-step model for how nucleosome positioning pattern is

generated in eukaryotic organisms. The first step is the generation of an NDR,

either by poly(dA:dT) elements and/or by transcription factors and their re-

cruited nucleosome remodeling complexes. In the second step, nucleosome-

remodeling complexes recognize the NDRs and generate highly positioned

nucleosomes flanking the NDR; and the RNA polymerase II preinitiation

complex fine-tunes the position of the +1 nucleosome. In the final step,

positioning of the more downstream nucleosomes depends on transcriptional

elongation and the recruitment of nucleosome-remodeling activities and

histone chaperones by the elongating RNA polymerase II machinery.
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Zhang et al. compared nucleosome positioning generated

by ATP-dependent extracts with the nucleosome positions

measured from yeast lysed without crosslinking and allowed to

redistribute prior to crosslinking. Indeed, we find mediocre

correspondence between the ‘‘native’’ nucleosome positions

from Zhang et al. and true in vivo nucleosome positions gener-

ated from crosslinked yeast (Figure S7), so the ability of whole-

cell extracts to recover these ‘‘native’’ positions in the absence

of transcription does not have any bearing on the question of

whether in vivo positioning is influenced by transcription prior

to lysis of cells. Although nucleosome remodelers can generate

somewhat positioned nucleosomes flanking the NDR and

unquestionably perform far better than salt dialysis, they appar-

ently are insufficient to generate the precise in vivo nucleosome

positions, particularly for the +1 nucleosome (Figure S7).

Here, the strong, and species-specific, spacing relationship

between the +1 nucleosome and mRNA start site that is

observed both in the native and YAC strains indicates that there

is a mechanistic connection between transcriptional initiation

and the location of the +1 nucleosome. Given the strong in vivo

positioning of both the preinitiation complex and the +1 nucleo-

some, a spacing relationship between these two entities requires

that at least one of these is anchored to a specific location,
thereby permitting a defined location for the second entity. As

discussed above, nucleosome remodeling complexes alone

are insufficient to generate proper positioning of the +1 nucleo-

some, and hence sequence and nucleosome remodelers are

insufficient to provide an anchor. In contrast, preinitiation

complexes bound at core promoters are clearly sufficient to

provide an anchor, with the location of the TBP bound to the

TATA element or TATA-related sequence being the major deter-

minant of the anchor point. From these considerations, and our

finding that the TSS to +1 distance in YACs shifts to the

S. cerevisiae spacing (Figure 5 and Figure S5), we suggest that

the preinitiation complex plays a role in fine-tuning the position

of the +1 nucleosome.

In the third step, positioning of downstreamnucleosomes,with

progressively less positioned nucleosomes downstream within

the gene, depends on transcriptional elongation, and hence

recruitment of nucleosome-remodeling activities and histone

chaperones by the elongating RNA polymerase II machinery.

This elongation-dependent step explains why nucleosome-re-

modeling complexes, though capable of weakly positioning

nucleosomes flanking the NDR, are unable to position more

downstream nucleosomes (Zhang et al., 2011). Conversely,

yeastmutant strains lacking nucleosome-remodeling complexes

(Chd1 and Isw1) that are recruited to coding regions by elon-

gating RNA polymerase show drastically reduced positioning of

downstream nucleosomes but relatively normal positioning of

the +1 and +2 nucleosomes (Gkikopoulos et al., 2011). Finally,

a transcription-based step nicely helps to explain why nucleo-

some arrays occur largely in the transcribed direction even

though highly positioned nucleosomes can occur both at

the +1 and �1 position, as well as the curious observation that

the decay of nucleosome positioning toward the center of genes

displays a 50/30 asymmetry (Vaillant et al., 2010); both of these

observations are inconsistent with a pure packing-based model.

The abovemodel can explain why the general pattern of nucle-

osome positioning is highly conserved among eukaryotes yet

shows species-specific differences in various aspects of chro-

matin structure. These species-specific differences reflect the

relative utilization of poly(dA:dT) sequences and hence intrinsic

histone-DNA interactions, as well as differences in the enzymatic

and recruitment properties of the nucleosome remodelers.

EXPERIMENTAL PROCEDURES

Growth Conditions

All cultures were grown in medium containing the following: SC –tryptophan

–uracil (Sunrise Sciences) (0.2%), yeast extract (1.5%), peptone (1%),

dextrose (2%), and adenine (0.01%), as previously described (Tsankov

et al., 2010).

Preparation of YACs

Yeast chromosomal DNA was prepared in InCert agarose blocks (LONZA),

with a final cell concentration of 2 3 109 cells/ml. Agarose blocks with

intact chromosomal DNA were subjected to EcoRI partial digestion with a

titrated Mg2+ concentration, followed by size fractionation using pulsed field

gel electrophoresis (PFGE). Partially digested DNA fragments (�100–200 kb)

were excised from the gel. YAC vector pYAC4 was purified by successive

CsCl gradient ultracentrifugation and digested with BamHI and EcoRI,

followed by calf intestine alkaline phosphatase treatment. Digested pYAC4

and partially digested yeast chromosomal fragments were ligated by T4
Molecular Cell 48, 1–11, October 12, 2012 ª2012 Elsevier Inc. 9
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DNA ligase in agarose blocks. Prior to YAC transformation, ligated DNA

was size fractionated again by PFGE, and DNA larger than 100 kb was ex-

cised from the gel. The excised gel slice was further digested with b-agarase,

and ligated DNA was transformed into S. cerevisiae host cells (AB1380),

using either spheroplast transformation protocol or standard yeast LiCl trans-

formation method. Further details of YAC construction are available upon

request.

Validation of YAC-Bearing Strains

Transformants with red color, which survived double selection (Ura+/Trp+) on

AHC plates, were collected for validation. Chromosomal DNA of candidate

strains was prepared in agarose blocks and resolved by PFGE (Figure 1B).

Strains with desired YAC bands were selected, and terminal sequences

from selected YAC clones were isolated and confirmed with DNA sequencing

analysis (Riley et al., 1990).

Nucleosome Isolation and Illumina Deep Sequencing

Micrococcal nuclease (MNase) digestions were performed as previously

described (Yuan et al., 2005). Briefly, 450 mL cultures were grown to OD600

of �0.5 at 30�C, 220 rpm. Cultures were fixed for 30 min at 30�C with 1.85%

formaldehyde, then spheroplasted with 10 mg zymolyase (Cape Cod Associ-

ates) for 45 min at 30�C. Spheroplasts were subjected to 20 min of MNase

digestion, and DNA was purified. MNase titrations were selected to obtain

largely mononucleosomal DNA with some di- and trinucleosomal DNA

apparent. Mononucleosomal DNA was gel purified (BioRad Freeze N’

Squeeze) and used to create a library for deep sequencing on the Solexa 1G

Genome Analyzer, as previously performed (Shivaswamy et al., 2008; Tsankov

et al., 2010; Weiner et al., 2010). Briefly, DNA was blunt ended, A tailed, and

ligated to Illumina genomic adapters, followed by a final PCR with a size-

selecting gel purification.

Data Normalization and Nucleosome TSS Alignments

Reads from deep sequencing were mapped back to the relevant hybrid

genome (S. cerevisiae plus the relevant species’ chromosome) using blat.

Uniquely mapping reads that had fewer than three mismatches were kept

for analysis. Reads were extended by the crosscorrelations between those

from the Watson and Crick strands, to create nucleosome peaks. Read count

numbers were normalized to one by dividing each base read count by the

genome-wide average read count per base. Gene alignments were carried

out using the endogenous boundary of the +1 nucleosome (Tsankov et al.,

2010). RNA-Seq data were treated similarly but without extending reads.

RNA abundance for YAC-based transcripts was, on average, �30%–40%

(in reads per kb per million reads) of the RNA abundance of endogenous

S. cerevisiae transcripts.

Nucleosome Calls

Template filtering (Weiner et al., 2010) was used to call the locations of

nucleosomes.

50 RACE

Trizol (Invitrogen)-extracted RNA was enriched for mRNA on polyT magnetic

beads (NEB). Calf intestinal phosphatase removed all phosphates prior to the

hydrolysis of the mRNA cap to a phosphate with Tobacco Acid Pyrophos-

phatase (Epicenter). An oligo was ligated to the 50 end of the mRNA (T4

RNA Ligase), and the RNA was reverse transcribed (SuperScript III Reverse

Transcriptase, Invitrogen) with a tailed random hexamer. The cDNA was

amplified with a low-cycle PCR (Phusion, NEB) using primers matching the

sequences added in the ligation and reverse transcription. A gene-specific

PCR amplified the TSS sequence, which was cloned (StrataClone, Agilent)

and sequenced.
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